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(Received 17 January 2003; published 1 August 2003)057403-1We present, for the first time, a direct comparison between electron (ECS) and neutron (NCS)
Compton scattering results from protons of a solid polymer. The momentum distributions of hydrogen
obtained from ECS and NCS are in excellent agreement. In both experiments, a strong ‘‘anomalous’’
shortfall in the scattering intensity of protons {first detected in liquid water with NCS [C. A.
Chatzidimitriou-Dreismann et al., Phys. Rev. Lett. 79, 2839 (1997)]} is found ranging from about
20% up to 50%, depending on the momentum transfer applied. The characteristic times of electron- and
neutron-proton collisions lie in the subfemtosecond range. The presented ECS and NCS results provide
further direct evidence for this striking effect, which has been ascribed to attosecond quantum
entanglement of the protons.
DOI: 10.1103/PhysRevLett.91.057403 PACS numbers: 78.70.–g, 03.65.Ud, 61.12.–q, 61.14.–xgreat variety of materials. ing electrons have kinetic energies from 15 to 30 keV;A large number of experiments have confirmed the
existence of quantum entanglement (QE) in an impressive
way. QE is the focus of several developing theoretical [1],
experimental, and technological fields [2]. In condensed
matter, QE of massive particles is able to survive only for
very short times [3]. In Ref. [4], we were able to demon-
strate such QE with the aid of neutron scattering experi-
ments at sufficiently high momentum transfers ( hq).
Usually, however, such high-q experimental techniques
are applied to measure momentum distributions of target
particles. The basic principles are rather simple. The
momentum transfer hq is such that 1=jqj is much smaller
than the atomic dimensions. In that case the probing
particle scatters from a single target particle, and one
determines hq, and the energy transfer ", from the prob-
ing particle to the target particle. If the target particle
(mass m) was moving before the collision with momen-
tum hk, momentum and energy conservation dictates that
" is given by "   hq2=2m  h2k  q=m. This simple
physical context has been used to study the momenta of
nucleons in nuclei using high energy electrons [5] or
protons [6] as probing particles, electron momentum
distribution in atoms, molecules, and solids [7,8], using
photons or electrons as the probe, and the momen-
tum distribution of nuclei in condensed matter, using
epithermal neutrons as probing particles [4,9–14]. The
latter technique — named neutron Compton scattering
(NCS) — needs large fluences of epithermal neutrons
and thus is practical only with spallation sources such
as the ISIS facility, United Kingdom. During the past
decade, NCS has been established as an experimental
method of broad applicability, particularly for studies
of proton dynamics and momentum distributions in a0031-9007=03=91(5)=057403(4)$20.00 Recently, using an electron spectrometer with an im-
proved energy analyzer [15], Vos [16] observed electron
Compton scattering (ECS) from protons. Using electrons
with energies 15–30 keV, Compton recoil from protons of
C-H bonds of a solid polymer has been observed. This
instrument achieves electron-proton energy transfers in
the range of about 2–12 eV, and an energy resolution better
than 0.4 eV. The energy loss spectra obtained show that
the recoil peak of H is well resolved from the combined
peak of the heavier atoms C and O. In this physical
context, the ECS method is the electron analog to NCS.
We emphasize that, throughout this Letter, the abbrevia-
tion ECS always refers to electron-nucleus scattering
only, and not to electron-electron scattering.
In this Letter, we compare ECS and NCS investigations
using a solid polymer known as formvar (C8H14O2), an
amorphous polymer widely used in electron microscopy
since it makes extremely thin and flexible films. It also
contains no double bonds, which would produce addi-
tional peaks in the energy loss spectra (cf. Fig. 1), thus
obscuring the ECS peak of H. The combined results,
obtained at T  295 K, demonstrate (i) the ECS tech-
nique provides proton momentum distributions which are
in quantitative agreement with those obtained with NCS
(cf. Fig. 2). (ii) The striking phenomenon given by the
shortfall of scattering intensity from protons, first re-
vealed with NCS from water [4], is observable also with
ECS, and the observed anomaly has roughly the same
magnitude in both experiments (cf. Fig. 4).
The ECS results were obtained with the electron spec-
trometer [15,16] of the Australian National University at
Canberra. Various thin films of formvar (about 50–100 A
thick) were prepared by standard procedures. The imping-2003 The American Physical Society 057403-1
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FIG. 2. Distributions Jy derived from the ECS and NCS
measurements, with hy being the H-momentum component
(before collision) along the direction of momentum transfer
hq. The abscissa is given in A	1 and in atomic units (a.u., on
the top). The scatter in the four ECS measurements (energies as
indicated, individual symbols) is an indication of the statistical
errors. The graph given by the full line represents Jy derived
with NCS at scattering angle   66. NCS results at different
angles are similar. For comparison, all distributions are nor-
malized to have the maximum about 1. Note that all distribu-
tions derived by ECS and NCS have similar widths and shapes.
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FIG. 1. ECS spectrum of a formvar film taken using 25 keV
electrons, thus effectuating a momentum transfer hq with
q  61:8 A	1. The main peak at "  0:6 eV energy loss is
due to electrons scattered from C and O. The small peak near
8 eV is due to electrons scattered from protons. Inset: The fit of
the peak related to proton recoils (open symbols) with a
Gaussian and a quadratic background (broken line) is shown
by the full line.
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44:3 in the forward scattering direction. These experi-
ments provided results which confirmed and extended the
previous findings reported in Ref. [16]. An ECS spectrum
f", where " is the energy transfer, is shown in Fig. 1,
together with the corresponding fit. As is done in NCS
investigations [11], the electron spectra f" are fitted
with Gaussians. For the baselines, various quadratic and
higher-order polynomial fits have been performed. The
‘‘background’’ of the peaks is mainly due to interactions
of the incident electrons with electrons in the sample. It
was found that the results (see below) depend only slightly
on the different fitted baselines.
From these measured ECS profiles, momentum distri-
butions of protons are derived. The magnitude of the
electron momentum hk remains almost constant (since
" is much smaller than the kinetic energy of the imping-
ing electrons). Note that this approximation is not valid
for NCS. In Fig. 2, we show the four measured distribu-
tions Jy (often called ‘‘Compton profiles,’’ see Section 3
of Ref. [11]) as obtained from ECS using electrons of 15,
20, 25, and 30 keV. (These energies correspond to q values
of about 47.6, 55.1, 61.8, and 67:8 A	1, respectively.) Jy
is proportional to the density of protons with momentum
component hy along the direction of the electron-proton
momentum transfer hq. For comparison, these data are
presented together with the corresponding distribution
derived from a NCS time-of-flight (TOF) spectrum.
The NCS experiments were carried out at ISIS with
VESUVIO (formerly eVS), an ‘‘electron volt spectrome-
ter’’ [11–14,19]. The filter-difference method [19] was
057403-2used, with a gold absorber. It absorbs neutrons at
4.908 eV, with a resonance width of about 0.28 eV.
Various self-supporting foils of formvar (typically 0.1–
0.2 mm thick) were prepared by standard procedures. The
32 neutron detectors used cover an angular range of 32
to 68, which, for neutron-proton scattering, corresponds
to a range of q values of about 30–120 A	1 and of energy
transfers "  2–30 eV. Figure 3 shows a measured TOF
spectrum together with the corresponding fit (for the data
analysis procedure, see, e.g., [11–14,17,18]). Here it suf-
fices to mention that the analysis software also takes into
account so-called ‘‘final state effects,’’ which are due to
the fact that the impulse approximation is exact only
when q and " are infinite [10–12].
The momentum distributions of H and other atoms are
derived from the measured TOF spectra by standard
procedures [12,13]. The distribution Jy of H derived
from the NCS data at scattering angle   66 is shown
in Fig. 2. The agreement, within experimental errors,
between the graphs shown, confirms that all these mea-
surements reveal the same physical quantity: the (projec-
tion on the scattering vector q of the) momentum density
distribution of the protons of the sample. The electron and
neutron results of Fig. 2 can be compared directly as the
experimental energy resolution contributes a negligible
amount to the width of the spectra obtained by either
technique.
We now shortly discuss the observed decrease of NCS
intensity from H [4], which is represented by the violation
of the basic equation Rexp  Ria (see below). Because of057403-2
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FIG. 4. Anomalous reduction of scattering intensity from H
of formvar, as a function of applied momentum transfer hq
(with q  jqj); cf. Equations (1) and (2). The q range shown
corresponds to scattering times sc  300–1000 10	18 s.
Squares, circles: Values of Rexp of NCS spectrum areas (for
32 detectors in the angular range about 32–68), relative to
Ria, Eq. (2). Full squares represent results for t  0:1 mm
formvar foils, open circles those for t  0:2 mm. They are
equal within experimental errors, indicating that multiple
scattering effects are insignificant. Large open triangles:
Rexp=Ria as measured by ECS from formvar films of
50–100 A thickness, for electrons with kinetic energies 15–
30 keV. (The overall errors of these results are estimated to be
about 10%, see the text.) The results demonstrate a strong
(20–50%) shortfall of scattering intensity from H, which is q
dependent. Note that the ECS value at q  47:6 A	1 may be
larger than the corresponding NCS value. ECS also provides a
new confirmation (independent from NCS) of the considered
QE effect [4,17,18].
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FIG. 3. Example of a measured TOF spectrum by NCS of
formvar (self-supporting foil, 0.1 mm thick), with the associ-
ated fit (line). The spectrum is taken with the detector at
scattering angle   51:27, which corresponds to a mean
momentum transfer (for the neutron-proton collision) with q 
60:7 A	1. The broad H peak is well resolved from the narrow
recoil peak from C and O. The ratio of peak areas Rexp is about
40% lower than the conventionally expected value Ria;
cf. Equations (1) and (2).
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NCS, the recoil peaks of protons are well resolved from
those of C and O (which overlap, cf. Fig. 3) in the TOF
spectra [20]. From a measured TOF spectrum, the data
analysis procedure [13] determines the double differen-
tial cross section d2=d"d, which is proportional to the
bound total cross sections X for each scattering atom X,
cf. [21]. Thus, the peak areas AX (with X  H, C, O)
extracted from d2=d"d are proportional to X
[4,13,17]. From the experimental data, one thus deter-
mines the ratio
Rexp 
 AH=AC  AO: (1)
If the so-called ‘‘incoherent approximation’’ [10,11] is
assumed (which means that each deflected neutron is
scattered from an individual nucleus), the expected value
Ria of this ratio is calculated with (cf. [4])
Ria  NHH=NCC  NOO: (2)
(H  82:02 b, C  5:551 b, O  4:232 b, 1 b 
10	24 cm2; cf. [21]). NX is the number density of atom
X ( H, C, O), which is for formvar NH:NC:NO  14:8:2.
Instead of the expected equality Rexp  Ria, however, the
experimental results presented below show that Rexp is
considerably smaller than Ria. This effect has been ob-
served by NCS in a great variety of liquid and solid
materials since 1995; cf. [4,17,18].
For the same physical reasons, equality Rexp  Ria
should be valid for ECS also. Here, the cross section for
electron scattering from hydrogen, carbon, and oxygen is
simply the Rutherford cross section: X / Z2X (ZX: atomic
057403-3number of atom X). Calculations of the cross section
based on the electronic structure show that screening
effects are not important under these conditions [22]. In
agreement with preliminary observations [16], the fol-
lowing results show that the ratio Rexp of the hydrogen
peak and the joint oxygen/carbon peak is decreased, too.
In Fig. 4, the ratios Rexp=Ria are given as functions of
q  jqj for both ECS and NCS. The effect revealed by
NCS is between 25% and 50%, and increases with in-
creasing momentum transfer, corresponding to decreas-
ing scattering time sc (see below). The ECS data reveal a
corresponding anomaly of Rexp of 15%–45%. The asso-
ciated systematic and statistical errors of the ECS results
(including the uncertainty of the baseline of the H peak)
are estimated to be about10%. For the ECS experiment,
it was checked that no radiation induced modifications of
the film occurred for doses required to obtain good qual-
ity spectra [23]. Considerable efforts to identify various
possible sources of NCS-experimental errors have been
made; see, e.g., Refs. [17b,17c]. In particular, the con-
stancy of NCS results by doubling the thickness of the
formvar foil, as shown in Fig. 4, shows that multiple
scattering effects are very small.057403-3
P H Y S I C A L R E V I E W L E T T E R S week ending1 AUGUST 2003VOLUME 91, NUMBER 5These results demonstrate that the effect of decreased
NCS intensity from protons [4,17,18] is also observable
with a considerably different method, i.e., ECS. This is
important, as this effect appears to be independent of the
two fundamental interactions involved (i.e., electromag-
netic versus strong interaction).
This effect (in the context of NCS) has been theoreti-
cally expected [4] and ascribed to short-lived protonic
quantum entanglement, also involving ‘‘dressing’’ with
electronic degrees of freedom; for various theoretical
discussions cf. Refs. [17,24,25]. In this connection it
should be also mentioned that, in a good approximation,
the expected scattering times sc of ECS and NCS — i.e.,
the duration of the interaction time of the electron/
neutron with a proton — may be assumed to be similar.
This appears to be justified since both methods are
based on the basic physics of Compton scattering, and
since the energy and momentum transfers applied are
similar. According to basic NCS theory [10,11], it holds:
scv0q  1, where v0 is the root-mean-square velocity of
the proton in its state before collision and hq is the
magnitude of the momentum transfer. These scattering
times lie in the attosecond range, i.e., about 300–1000
10	18 s cf. [17,18,24]. This also implies that, under the
physical conditions of ECS and NCS, there is no well-
defined time scale separation between electronic and
nuclear (protonic) motion — which obviously implies
that the widely used theoretical concept of electronic
Born-Oppenheimer energy surfaces is not applicable here.
In conclusion, we demonstrated that ECS analysis of
the H-recoil peak taken at large momentum transfer
reveals to a considerable extent the same information as
NCS. Moreover, and perhaps more importantly, the ECS
technique has been shown to provide an additional (com-
plementary to NCS) tool for the experimental investiga-
tion of the striking anomalous shortfall of scattering
intensity of protons and the associated attosecond entan-
glement in condensed matter.
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